Strong optical forces with minimal spontaneous emission are desired for molecular deceleration and atom interferometry applications. We report experimental benchmarking of such a stimulated optical force driven by ultrafast laser pulses. We apply this technique to accelerate atoms, demonstrating an average of 19 k momentum transfers per spontaneous emission event. This represents more than an order of magnitude improvement in suppression of spontaneous emission compared to radiative scattering forces. For molecular beam slowing, this technique is capable of delivering a many-fold increase in the achievable time-averaged force to significantly reduce both the slowing distance and detrimental losses to dark vibrational states.
The directed, narrow-band light emitted by lasers has been used to great effect to manipulate the motion of gas-phase atoms. Laser cooling and trapping of atoms has been key to achieving Bose-Einstein condensation [1] , optical atomic clocks [2] , quantum sensors [3] , and quantum information processing [4] . In contrast to atoms, the rich internal structures of polar molecules and their readily available long-range and anisotropic dipolar interactions make ultracold molecules uniquely promising candidates for precision measurements [5] [6] [7] [8] [9] , quantum information processing [10] [11] [12] [13] [14] [15] and quantum chemistry [16, 17] . However, for molecules, spontaneous emission populates excited vibrational states, which has largely precluded the adaptation of atomic laser cooling techniques for molecules.
Recently, the workhorse of ultracold atomic physics, the magneto-optical trap (MOT), has been successfully demonstrated with some carefully chosen diatomic molecules [18] [19] [20] [21] [22] [23] . Despite this substantial step forward, the largest number of molecules that have been trapped in a MOT (≈ 10 5 [22] ) is still orders of magnitude less than a typical atomic MOT. This number is primarily limited by the small fraction of molecules that can be slowed from a molecular beam to the MOT capture speed [24] . Further, extension of this technique to molecules with higher vibrational branching probability (such as polyatomics) will likely require new methods for beam deceleration.
While the most commonly used laser deceleration methods employ spontaneous radiation pressure, the time-averaged force is limited to a low value by the need to wait for spontaneous decay after each k of momentum transfer. For molecules, slowing via spontaneous scattering has been limited to a handful of speciallychosen diatomic species [25] [26] [27] [28] [29] [30] with extremely low vibrational branching probabilities [31] . Moreover, multiple molecular transitions must be driven that connect various ground states to the same excited state, which further reduces the time-averaged force that can be achieved [32] . As a result, radiative deceleration of molecular beams leads to long slowing lengths and low trap capture ef-ficiencies associated with molecule loss from transverse velocity spread and spontaneously populated excited vibrational states.
For atom interferometry [33, 34] (including fast entangling gates with trapped ions [35] [36] [37] ), coherent forces are needed to manipulate phase space separation. In these cases, even a single spontaneously emitted photon can carry "which way" information that will decohere the superposition, entirely precluding the use of spontaneous radiation pressure for these applications. Further, strong forces are desired to effect large separation in a short interaction time, and coherent, spin-dependent momentum kicks [38] are particularly attractive [39] [40] [41] .
To address these needs, various optical forces that utilize stimulated emission are being pursued (as recently reviewed by Metcalf [42] ). For stimulated forces, a reasonable figure of merit for evaluating the gain in requisite cycle closure of stimulated over spontaneous scattering is the average momentum transferred (in units of the photon momentum, k) per spontaneous emission event, which we denote by the symbol Υ. For spontaneous scattering, Υ = 1. For most stimulated scattering schemes, the stimulated processes can be driven quickly compared to the spontaneous emission lifetime, and the stimulated force can therefore be stronger than the spontaneous scattering force by a factor of approximately Υ.
In this Letter, we demonstrate and benchmark an optical force derived entirely from stimulated scattering of mode-locked (ML) laser pulses [43, 44] , shown in Fig. 1 . Early work on this technique showed order-of-unity force gains over spontaneous scattering [45] [46] [47] . Here, by using a pre-cooled sample of atoms to benchmark and optimize the force, we show that its performance can be substantially improved. We are able to achieve an average of Υ = (19 +6 −4 ) momentum transfers of k per spontaneous emission event. This potentially extends optical deceleration to molecules with state leakage probabilities an order of magnitude worse than currently used species, such as complex polyatomics [48] and molecules well-suited to precision measurement [9, [49] [50] [51] .
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FIG. 1. Pulse sequence of the stimulated force. A "pump" pulse, counter-propagating to the direction of the molecular beam, excites each molecule, removing k momentum. Before the molecule spontaneously decays (τ 1/γ, where 1/γ is the spontaneous emission lifetime), a co-propagating "dump" pulse deterministically removes another k momentum, bringing each molecule back to its initial ground state.
by the fast repetition of a cycle in which a time-ordered, counterpropagating pair of picosecond laser pulses ("πpulses") illuminate the sample. As illustrated in Fig. 1 (see also [43] [44] [45] [46] [47] ), a ground-state molecule from a molecular beam is first excited by absorbing a photon from the "pump pulse" that is counter-propagating with respect to the molecular beam, thereby losing momentum k. The molecule is then immediately illuminated by a co-propagating "dump pulse," which deterministically drives the molecule back to its original ground state via stimulated emission and removes another k of momentum from the molecule. The direction of the force is set by the order in which the pulses arrive, which introduces the necessary asymmetry to establish a preferred direction. This cycle can then be repeated immediately to create an approximately continuous deceleration force that can be much stronger than spontaneous scattering. The broad spectrum coverage of the ultrafast laser pulses allows for simultaneous deceleration of molecules from a wide range of velocities, and further augmentation of this scheme with adiabatic rapid passage and single-photon cooling has been studied theoretically [44] .
We demonstrate and benchmark this force on a cloud of pre-cooled rubidium atoms using the 2 P 3/2 ← 2 S 1/2 transition. The ML laser pulses are generated from a Ti:sapphire laser emitting 30 ps pulses at 780 nm at a repetition period of 12.5 ns. Since we work with a cold sample that has effectively no Doppler broadening, we find that inter-pulse-pair coherence can lead to velocityselective frequency comb tooth effects that will not be available for decelerating a Doppler-broadened sample such as a molecular beam. To keep these continuouswave (cw) -like systematic effects from contributing to The oscillation period allows identification and matching of the π-pulse pulse energy for both beams. Fluorescence is collected from the atom cloud transverse to the acceleration direction for single pulses from the pump beam (red), dump beam (blue), or a pump-then-dump sequence (black). The π-pulse condition is satisfied slightly above 1 nJ, and the probability of spontaneous emission (the vertical axis) is calibrated from the measurements using Eqs. (1) and (3), which are shown as dashed curves.
our measured force (γ/2 = 19 × 10 6 s −1 , where the comb tooth visibility scales as V ∝ sech(T rep γ/2) [52] ), a Pockels cell is used for pulse picking (power extinction ratio ≥ 7×10 −3 ), increasing the pulse-to-pulse separation time from 12.5 ns to T rep = 250 ns. The 1/e 2 intensity diameter of the ML laser beams at the position of atomic cloud is w = (0.65 ± 0.03) mm, but non-gaussian variations are also present, as discussed below. A cw laser at 780 nm that is resonant with the 2 P 3/2 ← 2 S 1/2 transition is used to perform absorptive time-of-flight (TOF) measurements.
We prepare an initial sample of about 10 7 85 Rb atoms using a conventional cw MOT. The MOT light and magnetic fields are then turned off and the ML laser pulse trains are subsequently introduced. The dump beam path is made ≈ 10 cm longer than the pump beam path to set a τ = (310 ± 60) ps intra-pulse-pair delay.
To calibrate and match the effective average pulse fluence from both beams, the atoms are illuminated with single pulses as the pulse energy is scanned, shown in Fig. 2 . Fluorescence from spontaneous decays collected perpendicular to the ML beam propagation direction shows clear, coherent Rabi flops, an observation that is made possible despite the short lifetime of this transition (1/γ = 26 ns) by the ultrafast excitation. The period of the Rabi flops allows us to infer the pulse area, shown as the top axis in Fig. 2 . We model the ex-cited state probability (P (θ o )) as a function of pulse area θ ≡ dt Ω(t) ∝ √ pulse energy as coherent evolution averaged over a normal distribution of pulse areas with average value θ o and standard deviation σ θ ,
shown as a dashed, purple curve in Fig. 2 . When the sequential, counter-propagating pump-thendump pulses illuminate the atoms, the relative phase between them is spatially dependent on a length scale of a fraction of an optical wavelength. Since the atom cloud is large compared to λ, we model the ensemble-averaged interaction as devoid of intra-pulse-pair coherence. The excited state probability after the pump-dump sequence is given by
where we assume that the two pulses have the same pulse area and τ is the time delay between the pulses. Eq. 2 is combined with the probability of spontaneous emission between the pump and the dump pulse to give the expected number of spontaneous emissions per pulse pair,
whereP ≡ P (θ o = π) is the average single-pulse population transfer fidelity at the π-pulse condition from Eq. 1.
Here we assume that any residual excited state population decays before the next pulse pair, the probability of which was made greater than 0.9999 by the pulse picking to avoid frequency comb effects.
The π-pulse condition is determined by finding the maximum of the single pulse (average fluorescence of pump-only and dump-only pulses) and local minimum of the pump-then-dump fluorescence signals, respectively, which coincide at the same pulse area. Using Eq. 1 and Eq. 3, the ratio between the detected single-pulse and pump-then-dump fluorescence signals at the π-pulse condition does not require a calibration of the fluorescence collection efficiency, and provides a stand-alone measurement of σ θ /θ o = (0.09 ± 0.01). This measured relative standard deviation is significantly higher than the relative pulse area variance measured from shot-to-shot pulse energy fluctuations (≈ 0.01), suggesting that it is due to the transverse intensity variation of the beam across the atomic sample. Since this intensity gradient is static, we expect the average pulse fluence experienced by an atom to depend systematically on its position, and certain positions should experience repeatable population transfer fidelities that are significantly better than the average over the cloud.
The necessary calibration factor between fluorescence signal and population transfer fidelity is provided from Eq. (1) once σ θ is known, and Fig. 2 shows that the average π-pulse population transfer fidelity is ≈ 98% for each beam. As shown in Fig. 2 , this model overshoots the data for intermediate pulse areas (θ o = nπ), which we believe is caused by the finite optical depth of the sample leading to preferential emission in the forward direction [53] . Since the actual force is implemented at the π-pulse condition, we are primarily concerned with the agreement between our model and the data at this location. As a way to check the consistency of this model, we compare the predicted vs. measured fluorescence at the 2π-pulse condition for a single beam; the measured excited state fraction is (5.9 ± 0.8)%, in agreement with our model prediction of (7 ± 2)% from Eq. 3.
Using this model, the efficiency of momentum transfer per pulse pair is
The assumption of full spontaneous emission of any excited population before the next pulse pair yields an expression for the number of k photon momenta (along the pump beam propagation direction) transferred per spontaneous emission event,
TakingP = (0.980 ± 0.005) from the data in Fig. 2 will yield the prediction Υ = (32 ± 4). This prediction, however, does not account for potential intensity mismatch of the two beams in space or variations inP that may appear as atoms are accelerated along the beam. Since Eq. (5) diverges asP →1 (for τ = 0), small additional imperfections in pulse area may significantly decrease Υ, and a more direct method to measure the value of Υ is needed to reliably report the achieved cycle closure gains.
To obtain a better measurement of Υ, we benchmark the momentum transfer itself by applying 1000 repeated pump-dump sequences (i.e. 2000 total pulses) to the atoms followed by TOF measurements that allow us to determine the time-averaged force. A resonant, cw laser beam centered 4−6 mm away from the initial position of the atomic cloud in the direction of the stimulated force is used to record absorption as a function of time for atoms accelerated by the pump-dump pulse pairs. Fig. 3 shows TOF measurements at different pulse energies. In proximity to the π-pulse energy, the stimulated force becomes more efficient, resulting in better acceleration and earlier arrival times. Further, as the population transfer fidelity nears 1, the arrival time distribution of the atoms narrows, as expected from the reduction in quantum projection noise associated with the outcome of each pulse pair becoming more deterministic. Even so, the width Fig. 4 inset). The dashed guide lines represent the theoretical arrival times if the indicated momentum had been transfered to the atoms. These diagnostic data were taken before optimizing the force, and the arrival times of the fastest 10% atoms corresponds to Υ ≈ 6.
of the distribution at the π-pulse condition far exceeds what would be expected for uncorrelated pulse area fluctuations (which would contribute an arrival time spread of order 0.01 ms, compared to the observed width of order 0.1 ms), and is instead caused by the systematic variations in population transfer fidelity associated with the nonuniform transverse intensity profiles of the beams.
To quantify the acceleration, TOF measurements are used to optimize the force and are then performed at 5 different absorption beam locations along the trajectory of the accelerated atoms to control for the initial position and its spread (see Fig. 4 ). As discussed above, since the spatial profile of the pulses is not perfectly uniform, some locations in space experience systematically higher population transfer fidelity than others, and it is these that represent the ensemble most interesting for considering future applications to molecules. During optimization of the beam positions and strengths, the arrival time of the fastest moving 10% of the atoms was minimized. For these atoms, we obtain a velocity of (11.0 ± 0.3) m/s, corresponding to a total momentum transfer of (1820 ± 50) k from 2000 pulses. Using this momentum transfer efficiency, Eq. 4 can be solved for the effective average π-pulse population transfer fidelity, yieldingP = (0.958 ± 0.014), which gives the measured figure of merit Υ = 19 +6 −4 . The lower values ofP and Υ measured from in situ acceleration measurements as compared to those inferred from few-pulse fluorescence experiments (e.g. Fig. 2) highlight the need to perform measurements of this kind by measuring the actual momentum transfer, which is sensitive to more potential systematic effects than observations of internal state dy- 
namics.
Comparison of this measurement of Υ to other methods in the literature is complicated by the fact that very few demonstrations of stimulated slowing techniques report the average gains in cycle closure that they are designed to provide (though a recent demonstration of the bichromatic force on polyatomic molecules [54] achieved Υ = (3.7 ± 0.7) [55] ). Two other performance indicators are more common: the excited state fraction, which determines the ensemble-averaged radiative decay rate, and the force gain factor, which is the ratio of the magnitude of the stimulated force over the theoretical maximum radiative force for an ideal two-level system. The timeaveraged excited state fraction induced by the bichromatic force for a two-level system can be optimized to 41%, though it could be improved further to 24% with a four-color force scheme [56] . The pulsed scheme in this work can be viewed as a polychromatic limit of the bichromatic force, and the time-averaged pump-thendump excited state fraction achieved here is (1.0 ± 0.2)%. Likewise, experimental work on bichromatic deflection has demonstrated a force gain factor improvement of ∼ 4 on diatomic molecules [57] and 1.1 [54] on polyatomic molecules, whereas spontaneous scattering force experiments on diatomic [58] and polyatomic molecules [59] have shown force gain factors of 0.29 and 0.5 respectively. With the intentionally low repetition rate adopted in our measurement to eliminate comb tooth systematics, we measure a force gain factor of (0.38 ± 0.01), already comparable to spontaneous scattering.
One possible application of this scheme would be for laser deceleration of YbOH, a polyatomic molecule candidate for future measurements of the electron electric dipole moment [49] . White light slowing with five repump lasers has been proposed to produce a spontaneous scattering force sufficient for stopping a beam of YbOH [9] , whereas use of this pulsed stimulated optical force with Υ = 19 would reduce the number of repump lasers by three, and is likely to apply a much stronger force, thereby increasing the molecular flux. Other applications for the pulsed stimulated force include those for which spontaneous emission leads to decoherence of quantum superpositions of momentum states, such as atom interferometry and trapped ion entangling gates [37, 40, 41, 60, 61] .
